The AAA ATPase spastin is a microtubule-severing enzyme that plays important roles in various cellular events including axon regeneration. Herein, we found that the basal ATPase activity of spastin is negatively regulated by spastin concentration. By determining a spastin crystal structure, we demonstrate the necessity of intersubunit interactions between spastin AAA domains. Neutralization of the positive charges in the microtubule-binding domain (MTBD) of spastin dramatically decreases the ATPase activity at low concentration, although the ATP-hydrolyzing potential is not affected. These results demonstrate that, in addition to the AAA domain, the MTBD region of spastin is also involved in regulating ATPase activity, making interactions between spastin protomers more complicated than expected.
Spastin was identified as the protein encoded by the gene that is most often mutated in autosomal-dominant hereditary spastic paraplegia (AD-HSP) patients [1] . The biological function of spastin is to sever microtubules into shorter fragments [2, 3] , hence it plays important roles in various cellular events including axon regeneration, cytokinesis, and nuclear envelope sealing after mitosis [4] [5] [6] . However, exactly how spastin gene mutation is linked to the occurrence of the neurodegenerative disease HSP is yet to be established [7] [8] [9] . A better understanding of the properties and mechanisms of spastin is necessary to elucidate its role in cellular processes, as well as the pathology of related diseases.
Spastin contains a conserved AAA (ATPase associated with various cellular activities) domain at its C terminus, and is classified as a member of the meiosis subgroup of the AAA superfamily, which includes two other microtubule-severing enzymes, katanin and fidgetin [1, [10] [11] [12] . In AAA proteins, the AAA domain serves both as the hexamerization site and as the ATP hydrolysis machinery to provide working energy [13] [14] [15] . A few motifs critical for ATP hydrolysis have been identified in the AAA domain, including the Walker A and Walker B motifs. The ATP-binding site located at the intersubunit interface is also well conserved, indicating a conserved ATP-hydrolyzing mechanism [16] .
In the human spastin protein, N-terminal to the AAA domain is a~100 residue microtubule-binding domain (MTBD) [17] . Previous studies show that a construct containing the MTBD and AAA domains is the minimal functional architecture required for microtubule-severing activity, and this truncated form is widely used for mechanistic studies in vitro [18] [19] [20] [21] [22] . Of note, the microtubule-binding affinity of spastin varies with the nucleotide state, indicating conformational changes of spastin during the ATPase cycle [18] . Moreover, spastin ATPase activity displays obvious cooperativity with substrate concentration including ATP [19] , and when stimulated by substrate, microtubule [18] .
In the present work, to further explore the properties of spastin, we studied its basal ATPase activity and found that increasing spastin concentration decreased its specific ATPase, in contrast to the regular concentration dependence of most cooperative proteins. To understand the structural mechanism of this negative concentration dependence, we first determined the crystal structure of spastin. Subsequent mutagenesis experiments then verified the necessity of intersubunit interactions for ATPase activity of spastin. Furthermore, neutralizing the positive charges in the MTBD region, resulting in the spastin-allA mutant, dramatically decreased the ATPase activity of spastin at low protein concentration, but rendered the protein concentration dependence of the ATPase activity positive. Remarkably, the ATP-hydrolyzing activity of spastin-allA was stimulated to varying levels by the ATPase-deficient E442Q mutant, depending on whether the MTBD is intact. These results demonstrate that the MTBD regulates ATP hydrolysis of spastin, indicating the existence of important interactions between MTBD and AAA domains of spastin.
Materials and methods

Preparation of spastin proteins
The minimal functional construct of spastin (residues 229-616) and its mutants were expressed and purified as previously described [18] . Point mutations were introduced using the QuickChange method. The coding sequence of the neutralized MTBD was synthesized chemically and ligated to the AAA domain coding region by the overlapping PCR method, and cloned into the pGEX-6p-1 vector.
Measurement of ATPase activity
The steady-state ATPase activity of spastin and its mutants was measured using an enzyme-coupled assay in 40 mM PIPES-K, pH 6.8, 1 mM MgCl 2 , 0.5 mM EGTA, 100 mM NaCl, 1 mM DTT and 5 mM ATP. ATPase activity was calculated per spastin subunit.
Gel filtration chromatography
To compare the oligomeric states of spastin in different nucleotide states, spastin proteins were loaded onto a Superdex 200 10/300 GL column (GE Healthcare, Uppsala, Sweden) equilibrated with 50 mM HEPES-Na, pH 7.5, 100 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA and 1 mM DTT for the apo state, or with the same buffer supplemented with 1 mM ATP, 1 mM ADP or 1 mM ADP plus 2 mM vanadate for other nucleotide states. For the ATP, ADP and ADP-Pi state, spastin was preincubated with 1 mM ATP, 1 mM ADP or 1 mM ADP plus 2 mM vanadate before being loaded onto the column. Vanadate was used to mimic the phosphate group. As vanadate has a strong UV absorbance, the elution profile of spastin in the ADPvanadate state was obtained using fluorescein-labeled spastin monitored at 550 nm.
Crystallization and structure determination
Crystals of spastin were grown using the vapor diffusion method by mixing 1 lL protein solution with 1 lL reservoir solution at 293 K. Apo-spastin crystals were produced using a reservoir solution of 3 M (NH 4 ) 2 SO 4 and 100 mM NH 4 Cl by the sitting drop method. Diffraction data were collected at 100 K on beamline BL17U at the Shanghai Synchrotron Radiation Facility (SSRF). The dataset was processed and scaled using the HKL2000 software package [23] .
Initial phases for the spastin structure were determined using the PHASER program with the structure of fruit fly spastin (PDB ID: 3B9P) as a template. Residues were built manually using the COOT program [24] based on 2F obs -F calc and F obs -F calc difference Fourier maps. The structural model was refined using the PHENIX program [25] . The final structure of apo-spastin has an R cryst value of 20.8% and an R free value of 26.9%. Data collection and refinement statistics are summarized in Table 1 . The final model was validated by MolProbity [26] , which indicated residues in the Ramachandran plot with 89.9% in favored regions, 8.6% in allowed regions, and 1.5% in outlier regions.
Nucleotide-binding measurement
To measure the ATP-binding ability of spastin mutants, 1 lM nucleotide-free spastin was titrated with fluorescent Mant-ATP nucleotide analogs in 40 mM PIPES-K, pH 6.8, 2 mM MgCl 2 , 1 mM EGTA, 100 mM NaCl, and 1 mM DTT. The fluorescence intensity (excitation = 350 nm, emission = 440 nm) was monitored at 25°C using a Cary Eclipse spectrofluorometer (Varian). Variation in fluorescence intensity caused by binding of Mant-ATP to spastin was obtained by subtracting the fluorescence intensity of Mant-ATP alone from the fluorescence intensity of Mant-ATP bound to spastin. The binding affinity was fitted as previously described [18] .
Results
The basal ATPase activity of spastin ATP hydrolysis by spastin is necessary for its microtubule-severing activity [2] . Our previous study revealed that spastin ATPase is cooperatively stimulated by microtubules. When using 0.5 lM spastin, ATPase activity is stimulated from 2.0 AE 0.3 s À1 to 7.2 AE 0.5 s À1 , with a Hill coefficient of 1.7 [18] . To further characterize the basal ATPase activity of spastin, we measured its specific ATPase activity at various spastin concentrations. To our surprise, we found that lowering the spastin concentration enhanced its specific ATPase activity, reaching 2.8 AE 0.1 s À1 at 0.1 lM spastin. However, the specific ATPase activity of spastin decreased when the protein concentration was higher than 0.5 lM, to~1.1 AE 0.1 s À1 (Fig. 1 ). This negative regulation of ATPase activity by protein concentration is in clear contrast to other cooperative AAA proteins such as ClpB and Vps4 [27] [28] [29] , and prompted us to investigate further.
The oligomerization state and crystal structure of spastin
To understand better the ATPase cooperativity and regulation of spastin, we performed gel filtration chromatography analysis of the oligomerization state of different nucleotide-bound forms during the ATPase cycle ( Fig. 2A) . For the ATP-bound state, to avoid ATP hydrolysis by spastin, the well-established ATPase-deficient Walker B mutant spastin-E442Q was used instead of the wild-type (WT) protein. Gel filtration profiles showed that the ATP-bound state was the highest-order oligomer, and the ADP-Pi-bound state was the most monomeric, whereas the apo and ADPbound states were intermediate. These results suggest that spastin undergoes a hexamerization-dissociation cycle during working process, in good agreement with the reported variation in nucleotide-dependent microtubule-binding affinity [18] . To gain further insight into spastin oligomerization, we determined the crystal structure of human spastin in the apo state (Table 1) . Similar to the result of a previous structural study of human spastin [30] , only the AAA domain was visible in the electron density, while the MTBD region was not visible. However, in the spastin AAA domain structure we determined, the loop linking helix a5 and b4 in the large subdomain and the short helix a9a between helices a9 and a10 in the small subdomain are better structured (Fig. 2B) . The short helix a9a was initially observed in the structure of the AAA domain of C. elegans fidgetin-like 1 protein, and mutations in this helix affected notably the protein hexamerization and ATPase activity [31] . In spastin, helix a9a also participates in the intersubunit interaction (Fig. 3A, in lower panel) , and probably contributes to the hexamerization, as well.
Mutations of intersubunit interface residues
The unusual cooperativity described above inspired us to pay special attention to the intersubunit interactions between AAA domains in the crystal packing. In the crystal, spastin forms a helical assembly with six-fold symmetry (Fig. 3A) . We noticed that two HSP disease mutation residues, G370 and R562 [32, 33] , are located on the intersubunit interface, the latter of which is close to E356 of the neighboring subunit (Fig. 3A) . We mutated each of these three residues and found that intersubunit interactions were lost in all the three mutants (E356A, G370R, and R562Q), as evidenced by their elution at higher volumes in gel filtration chromatography experiments (Fig. 3B) . This demonstrated that these residues are important in the intersubunit interactions of spastin not only in the crystal packing but also in solution. Accordingly, we also found that the basal ATPase activity was severely compromised in all three mutants, to~30% in the case of G370R, and to undetectable levels for E356A and R562Q (Fig. 3C) . Furthermore, when examined with fluorescent Mant-ATP, these two ATPase-deficient mutants were even incapable of binding ATP (Fig. 3D ). These results demonstrate that intersubunit interactions between AAA domains are required for ATP binding and hydrolysis of spastin, which explains why protein concentration affects the specific ATPase activity, but leaves the negative regulation issue unresolved.
Neutralization of positive charges in the MTBD of spastin
Spastin also has a MTBD located N-terminal to the AAA domain [17] , but no structural information is yet available for this~100 residue region that is significantly enriched in basic residues (18 basic residues vs. three acidic residues out of 95 residues). To investigate whether the MTBD was responsible for the negative concentration dependence of the spastin ATPase activity, we mutated all basic residues in the MTBD into Ala, resulting in the spastin-allA mutant (Fig. 4A) . Strikingly, we found that the ATPase activity of spastin-allA at 0.5 lM protein concentration was only 0.029 AE 0.009 s À1 (Fig. 4B) , much lower than the ATPase activity of WT spastin measured at the same concentration (1.7 AE 0.2 s À1 ). This result was unexpected given that the MTBD is completely separate from the ATP-hydrolyzing AAA domain. To examine whether the ATP-hydrolyzing apparatus in the AAA domain is impaired in spastin-allA, we measured the ATPase activity at various protein concentrations, and found that the ATPase activity increases cooperatively with protein concentration, reaching 0.85 AE 0.04 s À1 (Fig. 4B ). This level is close to the ATPase activity of WT spastin at high protein concentration, but still lower than the ATPase activity at low protein concentration.
To further explore the ATP-hydrolyzing potential of the spastin-allA mutant, we sort to stimulate spastinallA with the ATPase-deficient E442Q mutant that is trapped in the ATP-bound state, expecting that the constant ATP-bound state of other members in a hexamer may promote the ATP-hydrolyzing activity of spastin-allA. As expected, spastin-allA-E442Q did stimulate the ATPase activity of 0.5 lM spastin-allA to 1.1 AE 0.1 s À1 , and spastin-E442Q with an intact MTBD region further enhanced the activity to 2.8 AE 0.1 s À1 (Fig. 4C) . It is interesting to note that these two different levels of the ATPase activity of spastin-allA correspond to the levels of WT spastin ATPase activity at high and low protein concentrations, respectively. This result suggests that spastinallA indeed retains full ATP-hydrolyzing potential.
The low ATPase activity of spastin-allA at low protein concentration raises the possibility that its hexamerization is weakened by mutations in the MTBD. To investigate this possibility, we performed gel filtration chromatography of spastin-allA in comparison with WT spastin. Although these two proteins eluted at a similar position corresponding to partial hexamerization (Fig. 4D, upper panel) , a clear difference was observed between the elution positions of spastin-E442Q and spastin-allA-E442Q (Fig. 4D, lower panel) . While spastin-E442Q was eluted at the hexamer position, spastin-allA-E442Q was eluted in a position between the hexameric spastin-E442Q and the monomeric spastin-R562Q, indicating incomplete hexamerization. This difference indicates that the MTBD, although separate from the AAA domain, plays a role in the hexamerization of spastin, and consequently influences spastin ATPase activity. 
Discussion
Spastin is the most well-studied microtubule-severing enzyme [34] . However, despite its important biological functions and physiological implications, its working mechanism is still far from clear. In the present work, we explored the mechanism and regulation of the ATPase activity of spastin.
Undoubtedly, spastin shares some features with other AAA proteins, such as the homologous AAA domain structure and presumably the similar ATPhydrolyzing structural motifs and mechanisms [16] . Furthermore, the results of spastin interface mutants E356A and R562Q (Fig. 3) suggest that ATP hydrolysis in spastin is dependent on intersubunit interactions, which is another common feature of AAA proteins. However, spastin displays at least one distinct property; its basal ATPase activity exhibits a negative dependence on protein concentration, with high basal activity at low protein concentration and low activity at high protein concentration (Fig. 1 ). This behavior strongly implies an auto-inhibition mechanism in spastin. Unfortunately, the ATPase activities of two other microtubule-severing enzymes, katanin and fidgetin, are yet to be reported, but it is likely that these three microtubule-severing proteins share similar regulatory mechanisms. It is worth pointing out that the concentration dependence observed in the present study is different from the result described in another study of spastin [19] . More exploration would be required to reveal the reason for this difference, which will greatly improve our understanding of the mechanism underlying spastin activity.
Then, by studying the spastin-allA mutant, we showed that the MTBD region plays paradoxical roles in the spastin working mechanism. Taking all these biochemical results into account, we propose an association-dependent ATPase model for spastin (Fig. 5 ). In this model, as for other AAA proteins, the interaction between the AAA domains of neighboring protomers is the prerequisite for ATP hydrolysis to take place. This is how the interface mutations (Fig. 3) indirectly destroy the ATPase activity of spastin.
Meanwhile, probably unique to spastin, the MTBD region takes part in both the intersubunit association and the ATPase activity regulation. Since spastin-allA-E442Q forms smaller oligomers than spastin-E442Q in which the MTBD is intact (Fig. 4D) , we propose that the MTBD somehow interacts with the AAA domain, and thus facilitates the hexamerization of spastin. Another interesting observation was the restoration of the ATPase activity of spastin-allA to relatively high level by spastin-E442Q, provided the MTBD remained intact (Fig. 4C) . In this circumstance, the MTBD of spastin-E442Q functions to potentiate the ATPase activity of spastin-allA. The most plausible interpretation for this difference is that the MTBD of a neighboring spastin-E442Q molecule binds in trans to the AAA domain of spastin-allA. This leads to further speculation that, in the spastin hexamer, the MTBD of one protomer may interact with the AAA domain of its neighboring protomer.
Regarding the regulation of ATPase activity by the MTBD, two different effects can be extracted from our results. As mentioned above, the result of the high ATPase activity of spastin-allA in the presence of the MTBD-intact spastin-E442Q indicates that the MBTD is beneficial for the ATPase activity of its neighboring subunit. On the other hand, the MTBD, when it binds to the neighboring subunit, seems inhibitory for the ATPase activity of its "own" subunit. This is probably why higher concentration of spastin, the condition necessarily shifting toward higher order oligomer, leads to lower specific ATPase activity (Figs 1 and 5) . Consequently, without the auto-inhibition by the MTBD, the negative dependence of ATPase activity on protein concentration is absent within the spastin-allA mutant (Fig. 4B) , and spastin-allA has the opportunity to exhibit the full ATPase potential given the presence of the neighboring MTBD (Fig. 4C) . Finally, based on this dual-effect proposal, we reason that the high ATPase activity of spastin in low concentration, i.e. in Fig. 5 . A model of the ATPase mechanism of spastin. For spastin with intact MTBD (shown as a green unstructured line in left panel), the monomeric spastin has no ATPase activity (shown in pale green), as for the interface mutant E356A and R562Q. In low concentration, spastin forms lower order oligomer, which gives spastin high ATPase activity (in dark green), due to the stimulation by both the AAA domain and the MTBD of its front neighboring subunit and the absence of the inhibition by its own MTBD. When spastin binds to its rear neighboring subunit, the binding of its own MTBD to the rear neighbor also inhibits its own ATPase activity, leading to low ATPase level (in intermediate green). When the MTBD is severely mutated as in the spastin-allA mutant (shown as a white line in right panel), the hexamerization and the ATPase activity of spastin-allA are both compromised without the participation of the MTBD. However, given the presence of the MTBD of a neighboring subunit, spastin-allA exhibits its full ATP-hydrolyzing potential. a lower order oligomer, comes from both the stimulation by the neighboring subunit and the absence of the inhibition by its own MTBD (Fig. 5) .
Our results and the resultant model suggest that the MTBD of spastin plays a role in the ATPase mechanism of spastin. However, the MTBD region was initially named based on its ability to bind microtubules [17] . Therefore, it is likely that when spastin binds to microtubules, binding of the MTBD to microtubules from the AAA domain relieves auto-inhibition of spastin, thereby stimulating the ATPase activity to a much higher level. Unfortunately, the MTBD was not ordered in the electron density of the crystal structures determined so far, and a structure of this region is therefore still unavailable. Recently, one part of the corresponding MTBD region of katanin, another microtubule-severing enzyme, was described as a 'fishhook' in the hexameric katanin structures, but it is still unclear how the MTBD-involved interactions are established [35] . Further studies on the MTBD are clearly needed to better understand the catalytic and regulatory mechanisms of spastin.
